Dengue virus is a mosquito-borne pathogen that causes an estimated 390 million annual cases globally ([@r1]). Infection can lead to dengue fever, dengue hemorrhagic fever, or dengue shock syndrome, and no vaccines or antiviral compounds are currently approved for use. The development of preventative and therapeutic treatments for this and other neglected or emerging diseases is a priority for global healthcare organizations.

Positive-strand RNA viruses encode polyproteins that must be cleaved during and after translation. A virus-encoded serine proteinase (NS3) and its essential cofactor (NS2B) are responsible for virally mediated cleavages among all members of the *Flavivirus* genus including West Nile (WNV), yellow fever, Japanese encephalitis, Zika, and dengue viruses. When first synthesized, NS2B/3 is embedded within the dengue polyprotein, and is responsible for seven of the processing events within it ([@r2]) ([Fig. 1*A*](#fig01){ref-type="fig"}). In WNV, cleavage between NS2B and NS3 has been demonstrated to be exclusively intramolecular ([@r3]). For dengue virus, this cleavage is dilution-insensitive ([@r4]), suggesting that strict intramolecular processing at this junction is common among flaviviruses. In addition to the proteolytic events that originally defined the viral proteins, there is an internal NS3 cleavage (NS3~int~). The significance of this cleavage is not yet known, though it has been reported to occur in mammalian but not insect cells ([@r5], [@r6]).

![Inhibition of dengue virus by ARDP0006. (*A*) Dengue virus polyprotein organization showing cleavages made by NS2B/3 (black arrows) and host proteases (gray arrows). (*B*) Two high-resolution crystal structures of full-length NS2B/3 display multiple conformations of the helicase and protease domains relative to each other (Protein Data Bank ID codes 2VBC and 2WHX, green and teal, respectively). The proteinase active site is shown in red with the internal NS3 cleavage site in orange. (*C*) Chemical structure of NS2B/3 inhibitor ARDP0006. (*D* and *E*) Effect of 25 μM ARDP0006 (dashed lines) on extracellular and intracellular dengue virus (multiplicity of infection, 0.1 PFU per cell) during growth in BHK-21 cells. Inhibition of viral growth is comparable to that observed previously ([@r11]), with a reported IC~50~ of 4.2 μM. *n* = 4 in *D* and *E*.](pnas.1805195115fig01){#fig01}

NS3 makes an attractive drug target, as it has multiple essential functions. The N-terminal domain contains the proteinase active site, and the C-terminal domain exhibits RNA helicase, RNA 5′ triphosphatase (RTPase), and NTPase activities ([@r7]). In addition, mutations that alter conserved, nonenzymatic surface residues reduce viral fitness ([@r8]). Structures determined by X-ray crystallography have shown two different orientations ([Fig. 1*B*](#fig01){ref-type="fig"}) of the proteinase domain relative to the helicase domain of NS3 ([@r9], [@r10]), arguing that these domains might be flexible with respect to each other in solution as well.

An inhibitor of dengue NS2B/3 proteinase ARDP0006 (1,8-dinitro-4,5-dihydroanthraquinone; [Fig. 1*C*](#fig01){ref-type="fig"}) was previously identified in a high-throughput screen. The NS2B/3 proteinase tested was engineered to contain only the cofactor regions required for NS3 proteinase activity (NS2B residues 49 to 96) joined to residues 1 to 185 of NS3 via a flexible Gly~4~-Ser-Gly~4~ sequence. This minimal proteinase efficiently cleaves substrates supplied in *trans* but cannot self-process. Thus, this screen tested for inhibitors of intermolecular cleavage ([@r11], [@r12]). It is of note that, while the half-maximal inhibitory concentration (IC~50~) for intermolecular cleavage in solution was 432 μM ([@r12]), the IC~50~ during infection was 4.2 μM ([@r11]). The additional inhibitory effect observed in cells could be due to increased local concentrations or off-target effects. However, we envisaged an alternative mechanism in which accumulated proteinase precursors inhibit viral growth.

We set out to investigate mechanisms of viral inhibition by ARDP0006. We tested whether other polyprotein cleavages mediated by NS2B/3 were self-processing, and whether precursors that would accumulate in the absence of self-cleavage would be *trans*-dominant inhibitors of wild-type (WT) virus. Our findings support the hypothesis that inhibiting one particular self-processing event leads to *trans*-dominant inhibition of RNA replication. This provides insight into the previously unexplored role of dengue precursors in infection and suggests an approach to antiproteinase drug development by preferentially targeting specific intramolecular cleavages.

Results {#s1}
=======

Inhibition of Dengue Virus and Proteinase Activity by ARDP0006. {#s2}
---------------------------------------------------------------

Despite extensive screening and chemical synthesis, ARDP0006 remains one of the most potent NS2B/3-targeted inhibitors of dengue viral growth, with a reported IC~50~ of 4.2 μM ([@r13]). Addition of 25 μM ARDP0006 reduced the yield of extracellular and intracellular dengue virus by 100-fold during a single 24-h infectious cycle ([Fig. 1 *D* and *E*](#fig01){ref-type="fig"}). Negligible cytotoxicity was observed at this concentration of ARDP0006 ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)).

ARDP0006 was identified as an inhibitor of fluorogenic substrate cleavage by an NS2B/3 proteinase incapable of self-processing ([@r11]). We investigated whether this compound also inhibits NS2B/3 self-cleavage. To this end, a minimal self-cleaving proteinase termed NS2B/3~pro~ was used ([@r14]). This construct contains the required cofactor domain of NS2B (amino acids 47 to 95), the last 10 residues of NS2B to reconstruct the cleavage site (amino acids 122 to 131), and the protease domain of NS3 (amino acids 1 to 185), but lacks the transmembrane domains.

To study NS2B/3~pro~ cleavage, conditions under which the kinetic analysis could be performed immediately after synthesis were needed. To this end, rabbit reticulocyte lysate (RRL) was used to produce NS2B/3~pro~ radioactively labeled with \[^35^S\]methionine. A proteinase active-site mutation, NS3-S135A, caused this protein to be produced as a precursor only ([Fig. 2*A*](#fig02){ref-type="fig"}, lane 1), and provides a marker for intact NS2B/3~pro~. We first wanted to establish whether ARDP0006 inhibits NS2B/3 cleavage at the IC~50~ of intermolecular proteinase activity (432 μM) or of viral inhibition (4.2 μM). The active version was efficiently translated and cleaved into products after a 90-min incubation ([Fig. 2*A*](#fig02){ref-type="fig"}, lane 2). ARDP0006 inhibited this cleavage, as seen by the greater proportion of labeled proteinase precursor with increasing inhibitor concentration ([Fig. 2*A*](#fig02){ref-type="fig"}, lanes 3 to 8). However, the IC~50~ for NS2B/3~pro~ self-cleavage was high, comparable in magnitude to the *K*~i~ for cleavage of small substrates in vitro ([Fig. 2*B*](#fig02){ref-type="fig"}).

![Inhibition of NS2B/3~pro~ in vitro by ARDP0006. An in vitro assay was developed to measure inhibition of intramolecular cleavage at NS2B-3 in the dengue minimal proteinase. (*A* and *B*) Minimal proteinase was produced in RRL in the presence of increasing concentrations of ARDP0006 (50 μM to 2 mM), and remaining precursor was plotted to determine the IC~50~ of self-cleavage in vitro (*n* = 1). (*C* and *D*) A pulse--chase assay was developed to monitor the effect of the inhibitor on reaction rate. Peak precursor abundance in RRL occurred at 25 to 30 min (*C*, lanes 1 to 3), and inactive NS3-S135A protein was robustly translated (*C*, lane 4) but no cleavage products were observed. The 32-kDa species seen in lane 4 is frequently observed background in this system. After labeling and translation, addition of 100 μM ARDP0006 resulted in modest but statistically significant inhibition of cleavage (*D*, dashed line) relative to mock treated reactions (*D*, solid line). Line fitting was performed using GraphPad Prism v.7 using a log\[inhibitor\] vs. response variable-slope equation for determining the apparent IC~50~ (*B*) and single-phase exponential decay functions to fit the data in *D*. The *P* value in *D* was determined by comparing the fit of individual and shared models using the extra sum-of-squares *F* test. *n* = 3 (dashed line) or 5 (solid line).](pnas.1805195115fig02){#fig02}

One explanation for the observation that ARDP0006 is a more efficacious inhibitor of viral growth than of NS2B/3 proteinase activity is that, although it was identified as an inhibitor of NS2B/3, it inhibits the virus through an off-target effect. Given that identification of drug targets is often facilitated by the identification of drug-resistant variants, we attempted to select ARDP0006-resistant dengue virus in cultured cells ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)). From two independent selection pools, there were no individual or shared mutations in NS2B/3, but the mutation A21V in nearby NS4A did arise. This valine substitution is extremely rare in natural dengue isolates, occurring in only 4 of 3,871 sequences deposited in the National Center for Biotechnology Information (NCBI) Virus Variation database ([@r15]). Reconstruction of the A21V mutation in isolation showed that it did not confer specific resistance to ARDP0006 but increased the rate of viral growth in both the presence and absence of inhibitor ([*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)). We conclude that there is a high barrier to resistance against ARDP0006 but that rapidly growing variants can emerge, possibly due to off-target effects of the compound.

Recently, another NS2B/3-targeted molecule, termed NSC135618, was shown to have potent antiflaviviral activity ([@r16]). We tested this compound's activity using the assays described for ARDP0006. We determined viral and intramolecular cleavage IC~50~ values of 1.7 and 490 μM, respectively ([*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)), which mirrored the discrepancy in these values found for ARDP0006. Thus, both NS2B/3 proteinase inhibitors are 100-fold more effective at inhibiting viral growth than the enzymatic activity of the viral proteinase, making it more likely that both compounds indeed inhibit dengue viral growth through inhibition of the protease, but by potentially complex mechanisms.

To monitor the kinetics and efficiency of NS2B/3~pro~ cleavage, pulse--chase experiments were performed. For the minimal proteinase, a translation time course revealed that precursor and product could be readily quantified at 25 to 30 min ([Fig. 2*C*](#fig02){ref-type="fig"}). Pulse--chase assays were performed in which protein was translated with radioactively labeled methionine for 30 min, followed by addition of excess unlabeled methionine and either ARDP0006 or its DMSO solvent. The solid line in [Fig. 2*D*](#fig02){ref-type="fig"} quantifies the degradation of labeled NS2B/3~pro~ precursor. The amount of inhibition observed was statistically significant, though slight, as expected from the IC~50~ of ∼620 μM ([Fig. 2*D*](#fig02){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). A concentration of 100 μM was used because it is between the IC~50~ for virus and proteinase inhibition and to provide a benchmark for subsequent examinations of individual cleavage sites.

###### 

Processing rates of proteinase constructs

  Construct     Treatment      Rate (SE), min^−1^   *t*~1/2~, min
  ------------- -------------- -------------------- ----------------------------
  NS2B/3~pro~   DMSO           0.064 (0.0037)       10.8
                **ARDP0006**   **0.047 (0.0033)**   **14.9\*\***
  NS2B/3/4A     DMSO           1.0 (0.057)          40
   G459L S1L    **ARDP0006**   **0.66 (0.034)**     **66\*\*\***
  NS2B/3/4A     DMSO           0.59 (0.11)          70
   S1L          **ARDP0006**   **\<10**^**−16**^    **\>10**^**15**^**\*\*\***
  NS2B/3/4A     DMSO           2.2 (0.16)           19
   G459L        **ARDP0006**   **1.7 (0.15)**       **25\*\***

Constructs were expressed in reticulocyte lysate reactions in the absence or presence of 100 μM ARDP0006, and precursor loss was normalized to the amount of precursor at time 0. Rates were calculated by fitting a single-exponential curve constrained to *K* \> 0 and plateau = 0. *t*~1/2~, half-life. Asterisks indicate statistical significance for rates in the presence of ARDP0006 vs. DMSO treatment for each construct (\*\**P* \< 0.01, \*\*\**P* \< 0.001). The bold type represents the conditions in which the compound was added.

Three NS2B/3 Cleavages Are Exclusively Intramolecular. {#s3}
------------------------------------------------------

In WNV, the NS2B-3 junction is processed exclusively intramolecularly ([@r3]). We hypothesized that this would be the case for dengue virus as well and that, given the flexibility of the proteinase domain, other NS3 cleavages might also be self-processed. To test this, mixing experiments were performed with catalytically active and inactive versions of NS2B/3~pro~. After 120 min of incubation, S135A-NS2B/3~pro~ remained uncleaved ([Fig. 3*B*](#fig03){ref-type="fig"}, lane 1). As before, cleavage of labeled, active NS2B/3~pro~ was efficient and essentially complete by 120 min ([Fig. 3*B*](#fig03){ref-type="fig"}, lane 3). However, when \[^35^S\]methionine-labeled catalytically inactive proteinase was mixed with unlabeled, active proteinase, no specific cleavage products were observed ([Fig. 3*B*](#fig03){ref-type="fig"}, lane 2). Therefore, cleavage of the dengue NS2B-3 junction occurs exclusively intramolecularly.

![Intramolecular cleavage of NS3-proximal polyprotein junctions. (*A*) Schematic of the NS2B/3 minimal proteinase. The black arrow indicates the cleavage site; S135 indicates catalytic serine mutated to create inactive proteinase. (*B*) Active (WT) and inactive (S135A) minimal proteinases were translated in RRL reactions separately or together as indicated for 120 min in the presence (red symbols) or absence (black symbols) of \[^35^S\]methionine and visualized by SDS/PAGE. (*C*) Schematic of NS2B/3/4A proteinase constructs including full-length NS3 and residues 1 to 49 of NS4A. Labeled as in *A*. (*D*) Active (WT) and inactive (S135A) proteinases were translated and mixed as in *B*. Asterisks in *A* and *C* indicate protein truncations described in the text.](pnas.1805195115fig03){#fig03}

Two other cleavage junctions occur within or flanking NS3: NS3~int~ and NS3-4A. To test whether these could be cleaved intermolecularly, we created elongated versions of NS2B/3~pro~ that included the helicase domain of NS3 and the first 49 residues of NS4A ([Fig. 3*C*](#fig03){ref-type="fig"}). Inactive, labeled NS2B/3/4A alone gave rise to intact precursor ([Fig. 3*D*](#fig03){ref-type="fig"}, lane 1). When active, unlabeled proteinase was added, no additional bands or observable disappearance of the precursor was revealed ([Fig. 3*D*](#fig03){ref-type="fig"}, lane 2). This is in contrast to active, labeled proteinase, which was converted from a single precursor to the expected products ([Fig. 3*D*](#fig03){ref-type="fig"}, lane 3), demonstrating that all three NS3-proximal cleavages (NS2B-3, NS3~int~, and NS3-4A) are strictly intramolecular. We reasoned that one or more of these could be specifically targeted by ARDP0006.

Inhibition of NS2B-3, NS3~int~, and NS3-4A Cleavages by ARDP0006. {#s4}
-----------------------------------------------------------------

To monitor the effect of ARDP0006 inhibition at these sites, it was useful to simplify the cleavage patterns ([Fig. 4*A*](#fig04){ref-type="fig"}). To create a protein at which only the NS2B-3 site was cleaved, mutations were made that destroyed the NS3~int~ and NS3-4A cleavage junctions ([Fig. 4*A*](#fig04){ref-type="fig"}). Cleavage was modestly but significantly inhibited by 100 μM ARDP0006 ([Fig. 4*B*](#fig04){ref-type="fig"} and [Table 1](#t01){ref-type="table"}).

![NS3-proximal cleavages are sensitive to ARDP0006 inhibition. (*A*) Reticulocyte lysate reactions programmed with plasmids encoding NS2B/3/4A that contain the following mutations: NS3-S135A (inactive; black), NS3-G459L/NS4A-S1L (both cleavage sites; orange), NS4A-S1L (NS3-4 junction; purple), or NS3-G459L (NS3~int~ junction; red) were incubated for 90 min in the presence of \[^35^S\]methionine, and products were visualized by SDS/PAGE to confirm cleavage patterns. (*B*--*D*) Degradation kinetics of the gene products from *A* were monitored in the absence (solid lines) and presence (dashed lines) of 100 μM ARDP0006. Aliquots were taken at the indicated times postchase with unlabeled methionine and drug. Proteolysis was modeled as a single-exponential decay reaction with baseline constrained to 0. Kinetic parameters in the presence of inhibitor were statistically significantly different for all constructs (*B*--*D*; *n* = 4, *P* = 0.0033; *n* = 2, *P* = 0.0003; *n* = 4, *P* \< 0.0001; respectively) as determined by the extra sum-of-squares *F* test.](pnas.1805195115fig04){#fig04}

The S1L mutant is capable of cleavage at NS2B-3 and NS3~int~. In this case, processing was significantly and dramatically inhibited by 100 μM ARDP0006 ([Fig. 4*C*](#fig04){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). We conclude that cleavage of the internal NS3 junctions, when NS3 is still coupled to NS4A, is preferentially susceptible to ARDP0006 and may trap NS3 in an inflexible conformation. The failure to cleave the NS2B-3 junction in the presence of the S1L mutation argues that these cleavages are not independent.

The G459L mutant is not cleavable at the internal NS site, but can be cleaved at the NS2B-3 and NS3-4A junctions. ARDP0006 slowed processing of this construct to approximately the same degree as for the NS2B/3~pro~ alone ([Figs. 2*D*](#fig02){ref-type="fig"} and [4 *B* and *D*](#fig04){ref-type="fig"} and [Table 1](#t01){ref-type="table"})~.~ We conclude that the lack of independence of the N-terminal, internal, and C-terminal reaction sites may cause the temporal order of cleavage to differ in differently mutated polyproteins. Importantly, the NS3~int~ cleavage site is highly susceptible to inhibition, with sensitivity to ARDP0006 comparable to that of the virus itself.

NS3-G459L Is a Dominant Inhibitor of WT Viral Growth. {#s5}
-----------------------------------------------------

To determine whether dengue precursors are inhibitory to viral growth, we monitored growth of WT virus in the presence of variant genomes with either particular defects in proteinase cleavage sites or general inhibition of proteinase activity. All mutations shown in [Fig. 5*A*](#fig05){ref-type="fig"} were lethal to the virus that contained them ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)). We tested whether any of these mutant genomes was capable of dominantly inhibiting WT virus, as would be predicted if a mutation caused an inhibitory precursor to accumulate upon translation of input RNA.

![Internal NS3 cleavage mutant genome is a *trans*-dominant inhibitor. (*A*) Diagram of genomic viral RNA is shown with the location of internal cleavage site NS3-G459L, NS3-4A NS4A-S1L, and protease-dead NS3-S135A mutations shown in red, purple, and green, respectively. (*B*) WT vRNA was cotransfected with equal masses of yeast tRNA, NS3-G459L mutant vRNA, NS4A-S1L mutant vRNA, or NS3-S135A mutant vRNA and viral yields were determined 48 h posttransfection (*n* = 4). (*C*) Dengue luciferase replicon construct, lacking structural proteins. (*D*) Replicon RNA (1 μg per well) was cotransfected in 24-well plates with equal masses of WT, NS3-G459L, NS4A-S1L, or NS3-S135A vRNAs and luciferase signal was measured at the indicated time points (*n* = 4). RLU, relative light unit. (*E*) Inactive polymerase replicon RNA (1 μg per well) was cotransfected in 24-well plates with equal masses of WT, NS3-G459L, or NS3-S135A vRNAs and luciferase signal was measured at the indicated time points (*n* = 4). (*F*) Positive-strand replicon RNA was detected by strand-specific RT-qPCR. (*G*) Negative-strand replicon RNA was detected by strand-specific RT-qPCR (*n* = 2). (*H*) Multiple sequence alignment of dengue virus serotypes 1 to 4, JEV, and WNV virus, accession nos. ACF49259, P29990, AAA99437, AAX48017, P32886, and P14335, respectively. Protein sequences were obtained from the NCBI and aligned by Clustal Omega using Lasergene MegAlign Pro. ns, not significant. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\*\**P* \< 0.0001.](pnas.1805195115fig05){#fig05}

Upon cotransfection with equal amounts of WT and NS4-S1L viral RNA (vRNA), growth of WT virus was unperturbed ([Fig. 5*B*](#fig05){ref-type="fig"}). However, cotransfection of WT and NS3-G459L vRNA reduced viral growth by 100- to 1,000-fold ([Fig. 5*B*](#fig05){ref-type="fig"}). This mutation should allow the accumulation of intact NS3, possibly still tethered to flanking sequences. To determine whether inhibiting all cleavages by NS2B/3 also caused *trans*-dominant inhibition of WT virus, we tested the effect of the proteinase active-site mutation NS3-S135A. Upon cotransfection of WT and NS3-S135A vRNA, we observed significant but relatively modest inhibition of WT virus ([Fig. 5*B*](#fig05){ref-type="fig"}). Therefore, we hypothesize that it is the accumulation of specific precursors, not general proteinase inhibition, which is responsible for this dominant effect.

To determine the intracellular step that was dominantly inhibited by the NS3-G459L genome, we tested the effect of mutant vRNAs on a cotransfected WT replicon ([Fig. 5*C*](#fig05){ref-type="fig"}). This replicon encodes *Renilla* luciferase and dengue nonstructural proteins but lacks the dengue structural proteins ([@r17]). The luciferase signal therefore only reflects translation and RNA replication of transfected RNA. Viral genomes that were WT or contained the NS4-S1L mutation had no observable effect on replicon luciferase signal, but viral RNA that contained the NS3-G459L mutation was strongly inhibitory ([Fig. 5*D*](#fig05){ref-type="fig"}). This inhibition could result from inhibition of replicon translation, RNA amplification, or both. To determine whether the NS3-G459L genome exerted *trans*-dominant inhibition of translation, cotransfection of replicon that contained a polymerase active-site mutation (GDD) with WT and mutant genomic viral RNAs was performed ([Fig. 5*E*](#fig05){ref-type="fig"}). In this experiment, all luciferase signal derived from initial translation events, and diminished with time in the absence of new RNA synthesis. Luciferase production from the GDD replicon was unaffected by the presence of NS3-G459L or NS3-S135A vRNA ([Fig. 5*E*](#fig05){ref-type="fig"}). Therefore, the NS3-G459L mutation has no effect on early viral protein synthesis.

To identify whether the dominant NS3-G459L mutant genome inhibited negative-strand synthesis (and therefore positive-strand synthesis as well) or just positive-strand synthesis, we performed strand-specific RT-qPCR to measure both strands of WT and GDD replicons ([Fig. 5 *F* and *G*](#fig05){ref-type="fig"}). In all conditions, the amount of RNA measured was normalized to the values observed for the WT replicon alone. The amount of positive-strand replicon RNA detected when cotransfected with the NS3-G459L dominant mutant was indistinguishable from that detected for the GDD replicon alone, indicating that positive-strand synthesis was strongly inhibited ([Fig. 5*F*](#fig05){ref-type="fig"}). By contrast, the amount of negative-strand replicon RNA was significantly greater than that for the GDD replicon alone ([Fig. 5*G*](#fig05){ref-type="fig"}), indicating that the NS3-G459L dominant mutant allows negative-strand synthesis and therefore specifically inhibits positive-strand synthesis.

NS3 has multiple enzymatic functions in addition to proteinase activity. NS3-G459 lies within a region of NS3 known to be important for RNA helicase, ATPase, and RTPase activities. This region is highly conserved, and G459 itself has 100% identity between all four serotypes of dengue virus as well as Japanese encephalitis virus (JEV) and WNV ([Fig. 5*H*](#fig05){ref-type="fig"}). To determine whether the *trans*-dominance of the NS3-G459L mutation resulted from disrupting nonproteinase activities, we tested the effect of four different mutations known to destroy some combination of these other activities ([@r7], [@r18], [@r19]). Dominant inhibition did not correlate in a simple way with mutations in any of these functions ([*SI Appendix*, Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)). For example, mutant genomes NS3-K199A and NS3-K396A, with disrupted helicase functions, did not dominantly inhibit the growth of cotransfected WT RNA, but the helicase-dead NS3-R376A genome was a potent *trans*-dominant inhibitor ([*SI Appendix*, Fig. S4*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)). We investigated whether this *trans*-dominance occurred by a mechanism similar to that of the NS3-G459L genome, perhaps via an unanticipated effect on proteinase activity. Unlike the G459L mutation, however, the NS3-R376A mutant displayed normal protein processing ([*SI Appendix*, Fig. S4*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)) and showed no *trans*-dominant inhibition of replicon RNA synthesis ([*SI Appendix*, Fig. S4*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental)). Therefore, *trans*-dominant inhibition by the NS3-R376A genome is likely an effect distinct from that of G459L and later in the dengue infectious cycle. Interestingly, the NS3-R376A mutant protein has an increased affinity for double-stranded RNA ([@r7]), making it possible that such a gain-of-function effect contributes to its *trans*-dominance. Thus, none of the helicase-defective viruses phenocopies the *trans*-dominant effect of the NS3-G459L mutation. It is likely that there are many allele-specific gain-of-function defects that remain to be explored. Here, we show that inhibiting cleavage of the internal NS3 cleavage site specifically, either pharmacologically or genetically, leads to potent and, in the case of the G459L mutation, *trans*-dominant inhibition of viral RNA replication.

Discussion {#s6}
==========

The NS3 proteins of dengue and other flaviviruses have several enzymatic activities mediated by distinct domains. In addition, NS3 interacts with host proteins such as STING and MAVS to disrupt innate immune signaling. We have shown that three different NS2B/3-mediated cleavages occur exclusively intramolecularly, requiring conformational flexibility of the proteinase domain. We found that abrogating one of these cleavages leads to accumulation of a precursor that *trans*-dominantly inhibits all viruses in the same cell. These findings both identify a mechanism of viral inhibition and provide a path for suppressing the outgrowth of drug-resistant variants.

Rapid emergence of drug resistance is the major obstacle to development of effective antivirals for all RNA viruses, including dengue. Low polymerase fidelity and fast generation time result in high population diversity, including potentially preexisting resistant variants for any given drug. Typical strategies for inhibiting viral growth also apply strong selection pressure, allowing rapid selection in a population of viruses infecting a host. Multidrug therapy decreases the probability of generating a virus that contains mutations conferring resistance to all components of an antiviral mixture. Another approach to suppress drug resistance is to accept the inevitable generation of drug-resistant variants but to choose a drug target that prevents their outgrowth. For example, targeting oligomeric viral proteins can reduce the selection of drug-resistant variants due to the mixing of proteins from both drug-resistant and drug-susceptible genomes ([@r20]). Capsids are obvious targets for this antiviral paradigm; however, it may be possible to create other destructive oligomers of highly interactive proteins.

Viral polyprotein processing is exquisitely timed for optimal viral growth. Incorrectly processed viral precursors interfere with viral growth and pathogenesis. In poliovirus, mutations that abrogate cleavage at the VP1/2A junction are *trans*-dominant, probably because an uncleaved precursor containing the VP1 and capsid proteins destroys virus assembly ([@r21]). In hepatitis C, increasing the rate of NS4B-5 precursor cleavage by manipulating the recognition site inhibits viral RNA replication ([@r22]). Additionally, Sindbis virus exhibits exquisite temporal regulation of proteolysis. Uncleaved P123 polyprotein is essential for minus-strand synthesis but P123 cleavage is required for efficient plus-strand synthesis, and the relative abundance of these protein species is regulated by variations in substrate specificity ([@r23], [@r24]).

NS2B-3 Cleavage. {#s7}
----------------

The N-terminal domain of NS2B protein is membrane-associated and its C-terminal sequence acts as a cofactor for the NS3 proteinase domain. NS2B remains bound to NS3 after junction cleavage, and the specific proteinase activity is greatly increased ([@r25]). Additionally, the hydrophobic regions of NS2B should tether this holoenzyme to the intracellular membranes on which viral replication takes place ([@r26]). Dengue virus NS2B-3 cleavage has been shown to be exclusively intramolecular, even though it can be reconstituted biochemically in *trans* ([@r27]). Given that NS2B-3 cleavage is rapid and increases the activity of the proteinase ([@r4], [@r28]), it is likely to be rate-limiting in protein processing. Therefore, we were surprised that NS2B-3 cleavage was not more dramatically inhibited by ARDP0006.

NS3-4A Cleavage. {#s8}
----------------

NS4A contains several membrane-associated sequences that induce membrane curvature and rearrangements. We have observed that cleavage at the NS3-4 junction of dengue virus is strictly intramolecular. This has also been reported for the related pestivirus, classical swine fever virus ([@r29]). When the NS3-4 junction is not processed, there is no observable *trans*-dominant effect, suggesting that the resultant precursors, which necessarily contain NS4A, do not interfere with viral growth. Like at the NS2B-3 junction, ARDP0006 only modestly inhibited cleavage between NS3 and NS4A. Genomes encoding noncleavable NS3/4A sites exhibit no inhibitory effects on other viral genomes in the same cell.

NS3 Internal Cleavage. {#s9}
----------------------

Internal cleavage of NS3 has been observed in dengue and many closely related viruses ([@r3], [@r6], [@r29], [@r30]), but its significance has remained cryptic. This cleavage generates an NS2B/3 proteinase freed from its NS4A membrane tether. Mutations that abrogate this cleavage site are lethal, which may be due to either lack of cleavage or disruption of helicase activities. We have shown that this junction is processed in a strictly intramolecular manner. Of the three intramolecularly processed sites within and flanking NS3, this cleavage junction is the most strongly inhibited by ARDP0006 ([Fig. 4](#fig04){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). When the internal NS3 junction is inhibited by ARDP0006, cleavage at the NS2B-3 junction is also inhibited. This suggests allosteric effects upon inhibition of the NS3 internal cleavage that prevent access to the NS2B-3 and possibly other NS3 junctions. Most importantly, viral genomes that abrogate this self-processing event *trans*-dominantly inhibit positive-strand RNA synthesis of WT genomes present in the same cell, reminiscent of the effect of precursors on Sindbis virus replication. We hypothesize that the antiviral effect of ARDP0006 is due to its specific inhibition of the internal cleavage in NS3, which is also abrogated by the G459L mutation, and that in both cases this leads to the accumulation of *trans*-dominant NS3 precursors tethered to flanking sequences.

We propose that an effective inhibitory strategy for viruses with self-cleaving polyprotein precursors will be to first identify the cleavages that, when not made, give rise to *trans*-dominant inhibitors. Upon inhibition of that cleavage event, the accumulation of inhibitory precursors will block the replication of susceptible viruses and, most likely, any drug-resistant genomes as they arise in infected cells.

Methods {#s10}
=======

Plasmids. {#s11}
---------

Dengue proteinase expression plasmid pGEX-NS2B-3~prot~, in which the transmembrane domain in NS2B was deleted, was constructed as previously described ([@r14]). NS2B/3/4A plasmids were generated from this plasmid by NsiI/BamHI digestion and T4 DNA ligase-mediated (New England Biolabs) insertion of NS3-4A amplicons (nucleotides 7473 to 13699), adding a BamHI site to the 3′ end. Infectious clone cDNA for dengue virus 2 strain 16681 was used as a parent plasmid for all constructs ([@r31]). All mutations were introduced using QuikChange Site-Directed Mutagenesis Kits (Agilent Technologies).

Viruses and Cell Culture. {#s12}
-------------------------

Dengue virus strain 16681 was used in this study. See [*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental) for detailed methods. BHK-21 cells were grown at 37 °C with 5% CO~2~ in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% bovine serum, 1 U/mL penicillin/streptomycin, and 10 mM Hepes. For plaque assays, viruses were allowed to adsorb to BHK-21 cells for 1 h at 37 °C, overlaid with 1 mL of DMEM plus 0.375% (wt/vol) sodium bicarbonate and 0.8% Aquacide II, grown for 7 d, fixed (5% formaldehyde), and stained (0.1% crystal violet).

ARDP0006 Treatments. {#s13}
--------------------

1,8-Dihydroxy-4,5-dinitroanthraquinone (Sigma-Aldrich) was dissolved in DMSO and added to cell-culture media 30 min before infection. Extracellular virus was collected from cellular supernatant. Intracellular virus was collected in DMEM by washing cells (0.5 M NaCl, 10 mM Tris), freeze--thawing (three times), and centrifuging (5 min, 3,200 × *g*).

Proteinase Cleavage Assays. {#s14}
---------------------------

Dengue protein constructs were expressed in RRL (T~N~T coupled T7; Promega BioSystems) programmed with 1 μg DNA/50 μL and labeled with 20 μCi of [l]{.smallcaps}-\[^35^S\]methionine (EasyTag; PerkinElmer). Except where noted, radioactive pulse--chase reactions were incubated at 30 °C for 30 min before adding [l]{.smallcaps}-methionine (1 mM final) and DMSO (2% final). For treated samples, ARDP0006 was dissolved in DMSO. Aliquots were immediately diluted with Laemmli sample buffer (4 volumes, 1× final), denatured (60 °C, 10 min), and separated by SDS/PAGE. Gels were dried under vacuum (80 °C, 120 min) and exposed to a low-energy phosphor storage screen (Molecular Probes). Protein quantification was performed using ImageQuant TL 8.1 software (GE Healthcare Life Sciences). For intermolecular proteinase cleavage assays, NS2B/3 and NS2B/3/4A constructs were expressed either with or without [l]{.smallcaps}-\[^35^S\]methionine as above. Labeled reactions were chased with excess unlabeled [l]{.smallcaps}-methionine, mixed with unlabeled translation reactions (1:1), and incubated for 90 min. Reactions were stopped and visualized as above.

Cotransfections. {#s15}
----------------

Cotransfections were performed on BHK-21 cells in 24-well plates with 1 μg of each RNA added per well (Lipofectamine 3000; Thermo Fisher Scientific). Transfection solution was removed after 2 h at 37 °C, and cells were washed twice and incubated for 48 h.

Luciferase Assays. {#s16}
------------------

An efficient dengue replicon system has been previously described ([@r32]). This replicon is derived from strain 16681 ([@r17]) and expresses *Renilla* luciferase (gift of Jan Carette, Stanford University School of Medicine). Replicon transfections were performed as described above. Cells were collected and assayed according to the *Renilla* Luciferase Assay System protocol (Promega BioSystems) using a luminometer set for 10-s signal integration (GloMax; Promega BioSystems).

Strand-Specific RT-qPCR. {#s17}
------------------------

Viral strand-specific RT-qPCR was carried out based on previously described strategies ([@r33], [@r34]). Total RNA from BHK-21 cells was collected 26 h after transfection. Reverse-transcription reactions were performed with SuperScript II RT (Thermo Fisher Scientific) and 200 ng of RNA primed with replicon-specific primers tagF Pos or tagF Neg, yielding cDNA for positive- or negative-strand replicon sequences. These cDNAs were diluted 25-fold with water, and quantitative PCR was performed with primers TAG and Rev Pos or Rev Neg using Platinum SYBR Green (Thermo Fisher Scientific) on an Applied Biosystems 7300 Real-Time PCR System (Thermo Fisher Scientific). Primer sequences are in [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental).

Supplementary Material
======================

We thank Drs. Scott Crowder, Gabriele Fuchs, Caleb Marceau, and Poornima Paramaswaram for contributing to initial stages of this project, and Jan Carette for reagents and advice. We appreciate critical reading by Jasmine S. Moshiri and Peter Sarnow. This work was supported by an NIH Director's Pioneer Award (to K.K.), National Institute of General Medical Sciences of the NIH Awards T32GM007276 and U19AI109662, and funding from the Stanford SPARK program. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. P.-Y.S. is a guest editor invited by the Editorial Board.

This article contains supporting information online at [www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805195115/-/DCSupplemental).

[^1]: Edited by Pei-Yong Shi, University of Texas Medical Branch, and accepted by Editorial Board Member Diane E. Griffin August 22, 2018 (received for review March 25, 2018)

[^2]: Author contributions: D.A.C., R.M., and K.K. designed research; D.A.C., R.M., and K.K. performed research; D.A.C., R.M., and C.M.N. contributed new reagents/analytic tools; D.A.C., R.M., and K.K. analyzed data; and D.A.C. and K.K. wrote the paper.
